The present study demonstrates a key role for the oxysterol receptor liver X receptor β (LXRβ) in the etiology of diabetes insipidus (DI). Given free access to water, LXRβ −/− but not LXRα −/− mice exhibited polyuria (abnormal daily excretion of highly diluted urine) and polydipsia (increased water intake), both features of diabetes insipidus. LXRβ −/− mice responded to 24-h dehydration with a decreased urine volume and increased urine osmolality. To determine whether the DI was of central or nephrogenic origin, we examined the responsiveness of the kidney to arginine vasopressin (AVP). An i.p. injection of AVP to LXRβ −/− mice revealed a partial kidney response: There was no effect on urine volume, but there was a significant increase of urine osmolality, suggesting that DI may be caused by a defect in central production of AVP. In the brain of WT mice LXRβ was expressed in the nuclei of magnocellular neurons in the supraoptic and paraventricular nuclei of the hypothalamus. In LXRβ −/− mice the expression of AVP was markedly decreased in the magnocellular neurons as well as in urine collected over a 24-h period. The persistent high urine volume after AVP administration was traced to a reduction in aquaporin-1 expression in the kidney of LXRβ −/− mice. The LXR agonist (GW3965) in WT mice elicited an increase in urine osmolality, suggesting that LXRβ is a key receptor in controlling water balance with targets in both the brain and kidney, and it could be a therapeutic target in disorders of water balance.
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cholesterol | oxysterols | hormones | pituitary D iabetes insipidus (DI) is a clinical condition characterized by polyuria (an abnormally high excretion of diluted urine) and by polydipsia (increased thirst and fluid intake) (1) . Four subtypes of DI are defined according to etiology: (i) central or neurohypophyseal, caused by an inadequate release of the antidiuretic hormone, arginine vasopressin (AVP); (ii) nephrogenic, caused by a renal resistance to the action of AVP by a defect either in the AVP receptor (AVPR2) or in the water channel aquaporin-2 (AQP-2); (iii) gestational, caused by increased metabolism of vasopressin by vasopressinase produced by the placenta; and (iv) polydipsic, induced primarily by high water intake with consequent suppression of vasopressin release (1) .
AVP is a nonapeptide produced by magnocellular neurons located in the supraoptic (SON) and paraventricular (PVN) nuclei of the hypothalamus (2). After axonal transport to the posterior pituitary, AVP is stored in vesicles and released in response to an increase in plasma osmotic pressure and sodium concentration (3) .
In the kidney, AVP exerts its action by binding to AVPR2. In response to AVP there is an increased expression of AQP-2, its phosphorylation, and consequent translocation from intracellular vesicles to the apical membrane of the collecting duct epithelial cells (4) . Via this pathway water is passively reabsorbed from the urinary collecting ducts to cells from whence it is retrieved into the blood through AQP3 and AQP4 located on the basolateral membrane of ductal cells (5) .
Seven AQPs are expressed in the kidney (6) . In addition to AQP2, AQP3 and AQP4 are involved in the described AVP pathway, and AQP1 controls water reabsorption in the proximal tubule, in the descending thin limbs of Henle, and in the descending vasa recta. The remaining channels, AQP6, AQP7, and AQP11 are involved in urinary acid secretion, glycerol transport, and endoplasmic reticulum homeostasis, respectively (6) .
Liver X receptor β (LXRβ) is a ligand-activated transcription factor belonging to the superfamily of nuclear hormone receptors with a key role in lipid homeostasis. It shares more than 78% sequence homology with its α isoform (LXRα). Both family members heterodimerize with the retinoid X receptor (7), and both are stimulated by the same pharmaceutical and endogenous ligands, such as oxysterols, in particular by 22-hydroxycholesterol, 27-hydroxycholesterol, 24-hydroxycholesterol, and 24,25-epoxycholesterol (8) . The physiological functions of the LXRs have been revealed by studies of the phenotype of the knockout mice (9) . One characteristic of LXRβ −/− mice is a severe pancreatic insufficiency that leads to malabsorption and resistance to weight gain (10) . In addition, there are sex differences in the response to the loss of LXRβ. LXRβ −/− male but not female mice develop motor neuron disease as they age (11) , whereas female mice undergo progressive estrogen-dependent carcinogenesis of the gallbladder (12) .
Here we show an unexpected role for LXRβ, in controlling body water balance. LXRβ −/− mice develop central DI with a reduced number of hypothalamic vasopressin-positive neurons and decreased urinary AVP excretion in association with a mild reduction in the renal content of AQP1. These data identify LXRβ as a key regulator of body water balance both at a neurogenic and a nephrogenic level. , and LXRβ −/− mice were housed in metabolic cages for 24 h to study their water balance. During ad libitum water intake, LXRβ −/− mice excreted an abnormally large volume of urine per day (Fig. 1A) with a low osmolality indicating pathologically high urine dilution (Fig. 1B) . This polyuria of LXRβ −/− mice also was associated with a 24-h water intake much higher (P < 0.05) than that of WT mice (Fig. 1C ).
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To distinguish further the LXRβ −/− polyuria from an osmotic diuresis caused by the presence of high concentration of solutes such as glucose or urea in the fluid filtered by the kidney, a chemical analysis of the urine was performed ( Table 1 ). The concentration of glucose, urea, and other solutes was significantly lower in the urine of LXRβ −/− mice than in the urine of WT mice. Furthermore in LXRβ −/− mice serum creatinine was in the normal range, thus excluding an intrinsic renal disease (Table 1) . LXRα −/− mice did not differ from WT mice in their daily urine volume or osmolality or in water intake ( Fig. 1 A-C) . Therefore the condition of polyuria and polydipsia, characteristics of DI (1), appeared to be specific for LXRβ −/− mice, and the onset occurred as early as age 4 mo (Fig. 1D ).
Partial Ability of LXRβ −/− Mice to Respond to Dehydration. To differentiate a primary polydipsia from other forms of DI, WT, LXRα
, and LXRβ −/− mice were deprived of water for 24 h in metabolic cages. A significant contraction of the daily urinary volume was detectable in all three strains of mice during the dehydration period ( Fig. 2A) . Nevertheless, water-deprived LXRβ −/− mice had a higher urine output (P < 0.05) than dehydrated WT mice ( Fig. 2A) , excluding a primary polydipsia. During dehydration, serum and urine osmolalities were significantly increased in LXRβ −/− mice as well as in WT and LXRα −/− mice ( Fig. 2 B and C) . However, urine osmolality was significantly lower (P < 0.05) in the water-deprived LXRβ −/− mice in than in dehydrated WT mice, indicating a partially conserved ability to respond to water deprivation.
During the 24-h period of water deprivation, the observed polyuria of LXRβ −/− mice was associated with a body weight loss of more than 20%, significantly higher than that of WT mice (Fig. 2D) , suggesting severe dehydration. Food intake did not differ between the three strains during dehydration (Fig. 2E ).
Partial Response to Exogenous AVP in LXRβ
−/− Mice. To distinguish further central from nephrogenic DI, WT and LXRβ −/− mice were injected i.p. with 1 μg/kg of AVP in 100 μL saline solution. Urine volume and osmolality were monitored 3 and 6 h after injection. In WT mice, there was a significant reduction in urine volume after AVP stimulation ( Fig. 3A ) with an increase in urine osmolality (Fig. 3B ). LXRβ −/− mice failed to reduce the urine output but significantly increased urine osmolality after 6 h ( The 24-h urine volume of WT and LXRβ −/− mice at age 2, 4, 9, 13, and 17 mo (n = 8 each group). The onset of polyuria appears to occur at age 4 mo. Data are presented as mean ± SEM; *P < 0.05; **P < 0.001 versus WT. Data are presented as mean ± SEM; *P < 0.05; **P < 0.001 versus WT. n = 10 per group for the urine chemistry profile, and n = 5 per group for the serum creatinine. PVN of WT mice (Fig. 4A ) positive immunoreactivity was detected in both the cell bodies of magnocellular neurons and in their neuronal projections. In contrast, LXRβ −/− mice exhibited fewer vasopressin-positive neurons, and the staining of the projections was barely detectable (Fig. 4B) . A similar loss of vasopressinergic neurons was detected in the SON of LXRβ −/− mice (Fig. 4D ) as compared with WT animals (Fig. 4C) . The number of AVPpositive neurons was counted and found to be significantly reduced in LXRβ −/− mice, whereas, as expected, LXRα −/− mice did not show any pathological AVP immunoreactivity in either the PVN or SON (Fig. 4E ).
Reduced 24-h Urinary Excretion of AVP in LXRβ −/− Mice. To confirm the neuronal origin of DI in LXRβ −/− mice, urinary AVP excretion was measured as an indicator of central AVP release, as previously described (13) . The 24-h AVP excretion (Fig. 4F ) was significantly (P < 0.001) lower in LXRβ −/− mice than in WT mice, whereas no differences were detected between WT and LXRα −/− mice, confirming that LXRβ −/− mice are specifically affected by a central DI.
LXRβ Is Expressed in the Magnocellular Neurons of the SON and PVN of the Hypothalamus. To investigate the possible influence of LXRβ on the loss of AVP neurons in LXRβ −/− mice, LXRβ localization and expression in the hypothalamus was studied with immunohistochemistry. In WT mice, positive immunoreactivity for LXRβ was detected in the nuclei of the magnocellular neurons in both the PVN (Fig. 5A) and SON (Fig. 5B ) of the hypothalamus. There was also some cytoplasmic staining in the SON neurons. mice, the response of the kidney to exogenous AVP was not complete. We therefore examined the kidney more closely. Given that LXRβ is a pivotal regulator of AQP1 in the pancreatic ductal epithelial cells (10), the expression and localization of AQP1 in the kidney was studied. As expected, immunoreactivity for AQP1 in the kidney of WT mice was evident in the proximal tubule (Fig.  6A) , in the descending thin limb of the loop of Henle (Fig. 6B) , and in the vasa recta (Fig. 6C) . In LXRβ −/− mice staining was weaker in the proximal tubule and in the thin limb of the loop of Henle (Fig. 6 A and B) but not in the vasa recta (Fig. 6C) .
Increased Urine Osmolality After 7 d of GW3965 Treatment. To determine whether activation of LXRβ could affect body water balance, WT mice were treated with the LXR agonist GW3965 for 7 d and then were housed in metabolic cages for 24 h with free access to water and food. Although no significant differences were detected in water intake, urine volume, or serum osmolality, the urine osmolality was significantly increased in GW3965-treated mice (Table 2) . 
Discussion
In this study we analyzed LXRα −/− , LXRβ −/− , and WT mice to delineate the role of LXRs in the regulation of water balance both in the brain and in the kidney. The study revealed that by age 4 mo, LXRβ −/− but not LXRα −/− mice are affected by DI, a condition characterized by a progressive polyuria with excretion of abnormally highly diluted urine associated with high water intake (1). Dehydration tests and administration of exogenous AVP revealed that LXRβ −/− mice had a conserved but reduced ability to concentrate urine.
Several animal models of DI have been generated by genetic targeting of AVP (14), its receptor AVPR2, or the water channels in the kidney. Interestingly, mice with homozygous deficiency in AVPR2 are unable to concentrate urine and die of severe dehydration within the first week after birth (15) . AQP2 global knockout mice die postnatally (16) , whereas mice in which AQP2 is selectively silenced in renal collecting ducts are viable but are unable to respond to water deprivation (16) . In addition, mice with a truncated COOH terminus of AQP2 do not respond to desmopressin injection (17) . AQP1 −/− mice are affected by a severe polyuria with absence of any response to dehydration (18) . Thus, LXRβ −/− mice, by concentrating urine, have a phenotype that differs from animal models of nephrogenic DI and are closer to models of central DI, especially given their reduction of AVP content both in brain and urine (14, 19) .
Our immunohistochemical results reveal that LXRβ is localized in the nuclei of the magnocellular neurons of the hypothalamic SON and PVN. LXR deficiency leads to a loss of AVP production in magnocellular neurons and to a consequent impaired AVP excretion.
LXRβ is strongly expressed in the developing brain (20) and has a pivotal role in controlling the migration of cortical neurons. Newborn LXRβ −/− mice have a small brain with a thin cortex (20) and high levels of cholesterol in both the brain (21) and the spinal cord (11, 22) ; in these mice death of spinal motor neurons with age leads to motor neuron disease (11, 22) . At embryonic day 14.5, neurons migrate laterally from the neuroepithelium to the SON and medially to the PVN in a precise process controlled by numerous factors such as the Notch effector Hes1 (23) . Interestingly, the Notch pathway appears to be under the control of LXRs in bone marrow stromal cells (24) . Based on these multiple functions of LXRβ, several hypotheses can be formulated to explain the LXRβ-related loss of AVP in magnocellular neurons, namely, cholesterol-related neurodegeneration; a developmental abnormality involved in neuronal migration; or transcriptional control by LXRβ of the AVP promoter.
Given that LXRβ regulates the expression of AQP1 in the pancreas (10), the expression of this water channel was studied in the kidney. Immunohistochemistry showed a reduction of AQP1 in the proximal tubule and in the thin limb of Henle, and this reduction could contribute on the one hand to polyuria and on the other to the incomplete response of LXRβ −/− mice to both water deprivation and exogenous AVP.
Treatment of WT mice with an LXR agonist (GW3965) leads to an increase in 24-h urine osmolality during free water access. This decrease could be caused both by a central effect on AVP production/secretion and by stimulation of AQP1 transcription in the kidney.
Interestingly, in neurons AQP1 is localized in synaptic vesicles (25) as well as in the dense core secretory granules of the pituitary where it regulates vesicular swelling during exocytosis (26) . A lack of AQP1 in neuronal secretory vesicles in LXRβ −/− mice would be expected to affect the stability of AVP-containing vesicles and in turn their exocytosis. Moreover, the lack of AVP, together with a previously reported control by both LXRs on the basal expression of renin mRNA (27) , raises the possibility of a low volume/blood pressure in LXRβ −/− mice. More studies will be needed to elucidate the interplay between LXRβ, AQPs, and AVP in the control of both water homeostasis and brain plasticity.
In conclusion, our results have clarified a specific role for LXRβ in regulating body water balance both at a central and a nephrogenic level, and LXRβ thus appears to be a good target candidate for treating disorders of water homeostasis. In addition, because the etiology is unknown in 30-50% of patients with Data are presented as mean ± SEM; *P < 0.05 versus vehicle.
central DI (28) , genetic analysis of these patients for mutations in LXR seems warranted.
Materials and Methods
Animals. Male and female WT LXRα −/− and LXRβ −/− mice were generated as previously described (29) . Mice were back crossed onto a C57BL/6 background for 10 generations. Animals were housed on a 12-h light/dark cycle under controlled temperature (20-22°C) and humidity (50-65%) in the Animal Care Operations facility of the University of Houston. Experiments were approved by the local ethical committee for animal experiments, and the guidelines for the care and use of laboratory animals were followed.
Metabolic Cage Studies. Mice were housed in single-mouse metabolic cages (3600M021; Tecniplast) to collect urine over a 24-h period, first with free access to water and food and then under water deprivation. Mice were trained to the metabolic cages 1 wk before the experiments. Body weight, food intake, and water consumption were monitored.
Urine and Serum Analysis. Urine and serum osmolality were measured using a freezing-point depression osmometer (Micro-Osmometer 3300, Advanced Instruments, Inc.). Urine and serum chemistry analyses were performed by the Methodist Hospital Core Laboratory in Houston, TX.
AVP Treatment. Female WT and LXRβ
−/− mice were injected i.p. with 1 μg/kg of AVP (V0377; Sigma-Aldrich) in 100 μL saline solution. Basal urines were collected by bladder massage. Animals then were housed in metabolic cages, and urine volume and osmolality were monitored after 3 and 6 h.
Tissue Processing. Mice were killed with CO 2 asphyxiation and then were perfused transcardially with PBS followed by 4% (wt/vol) paraformaldehyde in PBS. Brains and kidneys were removed and postfixed with 4% paraformaldehyde in PBS for 24 h at 4°C. The tissues then were cryoprotected in 30% sucrose in PBS for 48 h at 4°C. Fixed brains were cut at 30-μm thickness with a cryostat at −20°C. The location of the SON and the PVN was determined as previously described (30) . Kidneys were paraffin embedded and then cut at 4-μm thickness.
Immunohistochemistry. The sections were incubated in PBS containing 2% hydrogen peroxide for 60 min to block endogenous peroxidase activity. They then were rinsed twice with PBS and incubated in PBS containing 1% BSA to block nonspecific staining. The floating sections were incubated either with a primary rabbit anti-AVP antibody (T-4562; Bachem Americas, Inc.) at a dilution of 1:1,000 or with a goat anti-LXRβ antibody (10) at a dilution of 1:500 in PBS containing 1% BSA and 0.1% Nonidet P-40 for 24 h at 4°C. After washing for 20 min in PBS containing 0.1% Nonidet P-40, the sections were incubated for 1 h with a specific biotinylated secondary antibody solution (1:200) and finally with an avidin-biotin peroxidase complex (Vectastain ABC kit; Vector Laboratories, Inc.) for 1 h. Peroxidase in the sections was visualized with diaminobenzidine for 40 s Sections were mounted onto slides, air dried, counterstained with hematoxylin, dehydrated in 100% ethanol, cleared using xylene, and then coverslipped and examined under a light microscope. The presence of a dark-brown label that appeared in cytoplasm was judged to indicate AVP-like immunoreactivity-positive cells, and the numbers of positive cells in the SON and PVN were counted separately. Kidney sections were dewaxed in xylene and rehydrated through graded ethanol. Antigens were retrieved using a PT module for 10 min at 97°C (A80410200; Thermo Scientific). Immunohistochemistry was performed with the aid of a Lab Vision Autostainer 360 (Thermo Scientific) according to the manufacturer´s instructions. Sections were counterstained with Mayer´s hematoxylin, dehydrated through a graded ethanol series and xylene, and were mounted.
Measurement of AVP in 24-h Urine. AVP concentrations in the urine were determined with a vasopressin RIA kit according to manufacturer´s instructions (Mitsubishi-Kagaku).
LXR Agonist Treatment. Ten male C57B16/J mice (8 mo old) were treated with LXR agonist GW3965 (2474; Tocris) (10 mg/kg body weight) dissolved in PBS/ DMSO (3/1 vol/vol) given daily by oral gavage for 7 d. Ten WT mice were given vehicle only for 7 d.
Statistical Analyses. Data are expressed as mean ± SEM, and the Student's t test was used to analyze individual differences. A value of P < 0.05 was considered to be statistically significant. Statistical analysis was performed with the aid of SPSS statistical software (v. 19.0 for Mac).
